The evolution of host specialization can potentially limit future evolutionary opportunities. A new study now shows how Drosophila sechellia, specialized on the toxic Morinda fruit, has evolved new nutritional needs influencing its reproduction.
A critical decision every female makes is where to rear her offspring. For any potential environment she must assess:
what is the risk of harm? Are resources suitable? Is competition intense? In insects, this decision often involves identifying appropriate host plants for oviposition. Many plant-eating insects are highly specialized and selective as to which host plants they use. These specializations allow insects to take advantage of underutilized plant resources and enemy-free spaces, and may even drive speciation. Evolving new specializations presents new challenges: finding the new host, coping with its secondary compounds, and remediating any of its nutritional deficiencies. A new paper by Lavista-Llanos, Hansson and colleagues [1] sheds light on how insects mechanistically and evolutionarily overcome these challenges.
The authors focus on Drosophila sechellia, a sister species of D. melanogaster and D. simulans. Unlike the catholic tastes of its evolutionary cousins, D. sechellia primarily uses the fruit of Morinda citrifolia as its host on its native Seychelles Islands ( Figure 1 ) [2] . This fruit, a.k.a. 'noni', is noxious to most other Drosophila, including D. melanogaster [3] . Ripe noni fruit contain high levels of hexanoic and octanoic acid, which are toxic and repulsive to most fruit flies. D. sechellia, in contrast, has evolved to tolerate these compounds and exhibits strong behavioral preference for noni [2, 4, 5] .
The remarkable life history of D. sechellia has made it a model for understanding how insects evolve new host specializations. Early work characterized D. sechellia's life history and adaptation to noni [2, 4, [6] [7] [8] . Recent work, largely from Bill Hansson's group, has focused on dissecting the neurological and physiological basis of D. sechellia's adaptation to noni [9] .
The new paper by Lavista-Llanos et al. [1] heads in a new direction: they investigate how the nutritional spectrum of the host plant influences egg production in D. sechellia. They confirmed earlier work showing that D. sechellia greatly increases its rate of egg production when given noni compared to standard Drosophila medium or other fruit [8, 10] . This is consistent with an earlier suggestion that egg production was related to the availability and quality of hosts and that specialists often produce larger, but fewer eggs [11] . This idea makes sense when specialists benefit from investing more in a single egg placed on an optimal host versus generalists depositing many smaller eggs across a variety of sub-optimal hosts. As expected, D. sechellia has fewer ovarioles and its eggs are larger than those of its generalist sister species [12, 13] .
As with many animals, provisioning eggs in Drosophila uses considerable resources [14] . Not surprisingly Drosophila egg development within the ovariole is tightly controlled just prior to the up-regulation of yolk formation. For undernourished D. melanogaster, nurse cells, which provide the egg resources, undergo programmed cell death and reabsorption instead of proceeding through normal egg development and yolk formation [15] . In D. sechellia, Lavista-Llanos et al. [1] show that this developmental checkpoint is associated with low egg production by D. sechellia reared on standard Drosophila medium [1] . This observation suggests that the standard diet is nutritionally deficient for D. sechellia despite normal feeding by D. sechellia and this diet having sufficient protein and other nutrients for its sister species.
Given the abundance of octanoic and hexanoic acid in noni and their roles in oviposition-site preference, these fatty acids seemed like obvious candidates. However, supplementing with octanoic acid did not influence egg production nor alter patterns of nurse cell apoptosis. Instead, Lavista-Llanos et al. [1] found clues from genetic studies in D. melanogaster where reduction in dopamine signaling resulted in females with smaller ovaries and reduced egg production [16] . Prior work also suggested that dopamine regulators were differentially expressed between D. sechellia and D. simulans [17] . Following these clues, the authors asked if arrest of egg development resulted from an evolutionary change in the dopamine requirements of D. sechellia. While adding dopamine had no effect, adding its precursor, L-DOPA, caused a 40% increase in egg production, a decrease in apoptosis, and an increase of yolk formation in developing eggs [1] .
Thus, D. sechellia appears unable to get adequate levels of L-DOPA except on noni, which in turn would suggest that noni should have high levels of L-DOPA. Indeed, substantial L-DOPA is present in noni fruit, and chemical depletion of L-DOPA in noni dramatically reduces D. sechellia egg production, while increasing nurse cell apoptosis. Furthermore, the low L-DOPA levels in D. sechellia raised on the 'standard' diet could be rescued with dietary supplementation. Thus, D. sechellia appears to have evolved -in contrast to its sister species -a nutritional requirement for high levels of exogenous L-DOPA.
So, what is the genetic basis for this change in nutritional requirements? Dopamine is derived from L-DOPA, which itself is derived from tyrosine. As supplemental dopamine had no effect while additional L-DOPA did, LavistaLlanos et al. [1] reasoned the evolutionary change must lie in the production of L-DOPA from tyrosine. They examined variation in the gene pale, encoding tyrosine hydroxylase, and one of pale's negative regulators, catsup. Along with several other substitutions, they identified a 45 bp in-frame deletion (relative to D. melanogaster) in catsup that removes 15 amino acids, and showed that catsup (but not pale) expression was reduced in D. sechellia. This suggested that these genetic changes might mediate the need for L-DOPA in D. sechellia.
To test the effect of catsup the authors utilized a clever (and lucky) genetic proxy. One sequenced D. melanogaster strain (DGRP-357) has a similar, but not identical, deletion in the catsup gene. Using DGRP-357 as an analog for the [1] speculate that these larger eggs could be more tolerant of noni. L-DOPA-induced larger eggs indeed improved survival on noni, but large embryos reared on standard media survived even better than those on their native substrate, suggesting the effect was due to improved maternal health rather than egg size per se. Turning to adults, D. melanogaster resistance to the neurotoxic effects of noni was improved by dopamine -but not L-DOPAsupplementation. Not surprisingly, DGRP-357, with its D. sechellia-like catsup allele, was not different in survival from other D. melanogaster strains. This result is consistent with new work showing that the genomic region near catsup does not harbor major resistance genes [18] . These results suggest that dopamine and L-DOPA, while not necessarily tied to D. sechellia's tolerance of noni, play key roles in determining the maternal health of this noni specialist.
The experiments of Lavista-Llanos et al. [1] suggest that D. sechellia's dependency on the L-DOPA found in its preferred host plant affects egg size and production. Genetic data in D. melanogaster are consistent with the D. sechellia allele of catsup having a reduced ability to produce endogenous L-DOPA. Like any interesting study, this one raises as many questions as it answers. Given that L-DOPA is a precursor for dopamine, either L-DOPA or another, as yet unknown product of L-DOPA may be required for the increase in egg size and production. However, the physiological basis for this is unclear. Is L-DOPA from noni functioning as a micronutrient in D. sechellia, directly supporting metabolism? Alternatively, is it more like insulin, acting as a mediator of nutritional signals. Indeed the mutation in the catsup gene is unlikely sufficient to entirely explain the effects observed for a number of reasons. While D. sechellia shows a relative reduction of L-DOPA specifically, catsup mutants in D. melanogaster show a reduction in tyrosine but an increase in both L-DOPA and dopamine [16] . This suggests that there are additional mutations in the gene or other components of the biosynthetic pathway. Furthermore, the genetic changes associated with ovariole number (as opposed to egg number) are separable from the role of catsup [6, 19] .
What also remains unanswered is how the dependence on L-DOPA relates to D. sechellia becoming a specialist on noni, despite this fruit's toxicity to D. sechellia's ancestor and other Drosophila species. Lavista-Llanos et al. [1] propose that the 45 bp deletion in the catsup gene was segregating in the ancestral population, and then fixed (perhaps due to a population bottleneck). Individuals from this population feeding on (less toxic) over-ripe noni had increased egg production. Subsequently they evolved increased tolerance to the toxic compounds, increased egg size, and sensory specialization leading to host preferences. While a thought-provoking model, the deleterious effects on fecundity documented by the authors strongly suggest fixation of a D. sechellialike catsup allele is improbable in a population not already exploiting ripe noni. We prefer an alternative scenario akin to how humans evolved a dietary requirement for vitamin C [20] : the fixation of the deletion in catsup and the L-DOPA nutritional requirement evolved after the association between D. sechellia and noni arose. That is, L-DOPA was present at sufficiently high concentrations in noni that the mutation in catsup was effectively neutral.
Regardless of how the L-DOPA requirement of D. sechellia evolved, the work by Lavista-Llanos et al. [1] suggests that evolving a novel specialization may pose a genetic risk as the accumulation of nutritional dependencies may prevent it from exploiting other or future resources. In other words, a mother's evolutionary choice may limit her daughter's options.
